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1. LNTRODUCTION 
one of the goals of NASA’s Mission to Planet (3iTPE) is to creak a srt of long-term ohservarions 

for the study of global change using  multiple sensors on n~ultiple platfom~s (Asrar and  Dozier, 1994; Slater et al.. 
1996; Barnes and Holmes. 1993). These Sensors will inonitor environmental changes on a glnhal scale for both 
terrestrial and aquatic targets (Hooker ct al., 199311. For insbncc, the Earth Observing System’s AM.-l plarfonn 
has five Sensors with each sedsof having its OW11 dibrdtion tcm. Critical to  the success of MI‘YE is ensuring 
the accuracy of the rdiomcu-ic ~ ~ ~ ~ u r e ~ u e u b  over he  lifctimc of each platform and traceability between 
platfomls. This can only be accomplishrd for the IS-year MTPE progam tluough  vic,Yous calibration (Slater 
md Biggar, 19963. 

Vic;siious cdibratiorl refers LU rnrlhods of in-flight  calibration  that do nor rely on onbo:ud calibrators. 
Hovis et’ al.  (19853 nladr: one of thr. carliest vicarious calibrations by mmsuring the radiance  above a ground 
targct from a 11igI1-altitude aircdt to verify thr degradation of the Chstal Zone Color Sc,mner’s shorter 
wavelength bards. Since hen, many types nf vicarinus  calibration  have Been Jevelop.d. For example. Kaufman 
and Holberr (1993) proposr using  largc-view  angles  and molecular sc8rrc.r ro chwdc.t.terize the  short-wave.  visible 
chan11~1s u l  the Advanccd V ~ r y  High  Resolution  Radionlertx. Vemv~e et al. (1992:l propose a similar approach 
for Systerrle Pour I‘Obscrvadon dc la Terre-1 (SWr), Haute Reolution Visible (HRVj cameras but u ~ d  dah at 
longrr wavclcngths to determine contribotions from aerosols and sea-surface  reflection. 

The two methods 11sed in this work rely on in-situ measurements to improve accuracy and are referred to 
as thc rcflectance- and  radiance-based  techniques (Slatex et al.. 19875. The reflectance-based  method relies on 
ground-based  measurements of the surtace retlecranw and  atmospheric  extinction at a selectcd site tn predict tnp- 
uf-thr-;itmospherc radiance  at the time of sarellire o v e r p s .  The radiance-based  approach refers to mcthnds  such 
IS that of Hovis et al. (19x5) where the radiance from the [=get is measured by a well-charactcri7cd and well- 
calibrated radiometer at the same time the sensor IO he dibntcd views  the  target. The advantage of this 
tcchniquc is that  the  radiometer can be carried in an aircraft above most of the influence of thc atmnsphcrc, 
greatly rcducing uncertainties from  the  atmospheric chuacterization. These two  techniques  havc  hccn used 
succcssfully for the SPCJ”I’ HKV (C;ellnlan et 81.. 1993). Landsat-5 Thematic  Mapper (TM) (Slatcr ct al.. 198’7, 
Thome et ai., 1993j, a kuxldils scanner (Balick et al.. iSS3j. and  the  Airborne  Visible  and Infrarcd Spctromctcr 
(“4VlRlS) Wane er at.. 1993). ‘1Xe test sites for this  past  work have all ken high-rcflcctancc,  land tar@$. 

[ ~ K I I J J ~ ~  in MTPE are Sensors  designed for octan-color studies. These sensors have high sensitivity and 
will sawrare over the high-rctlcctance sites typically used for vicarious cdihmtinn. Thus. the vicarious 
calihralinn of rhese sensors requires low reflectance targets. The use of water sitcs is a natural choice since the 
opratinnal condirions of rhc sensor is more closely reproduced.  Using low-rerlccunce targets adds complexities 
to vicarious  cnlibrarion due co the f m  that  the atmosphere contributes a much  higher  portion of the  radiance at 
the sensnr. In nrder ro acilieve rhe sune calihrarion  uncertainty levels. the atmospheric characterization must k 
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better than is necessary when using high-retlectance targets. The use of water  targets also requires dcvcloping 
more sophisticated radiative transfer coda to account for thc specular reflection of thc air-water interface 3s well 
as factors such 3s thc surface's  wave-slope distribution. the  diffuse  water  and foam rcflcctances. arid thc coupling 
of radiance between water and atmosphere. 

The AVIRIS sensor is P natural choice to evaluate the  use of both  bright  and dark targets for vicarious 
calibration of satcllitc scnson. Thc hypcrspcctral nature of t h e  sensor allows the hands of the MTPE SCIISOL'S 10 

he synthccizd, allowing unccrh in t ics  of the vicarious calibration to be determined for the specific sensor bands. 
AVTRIS is also capablc of flying at high altitude, thus closely simulating the atmospheric path seen by satdlitc 
senson,. Tn addition. the preflight calibration and characterization of AVRJS. coupled with the reliability of 
AWRTS makes it a good choicc for tcsting  vicarious calibration. 

- In this work we present the reflecrance-based and  radiance-based  results  from two cunpaigns. The first 
was 10 Lake 'khoe in June 19 .5  and  marked the first attempt by the Remote Sensing Group (RSG) at  the 
University of Arizona (UA) to use a dark, water surface for vicarious calibration. Radiance data from a low- 
altirudc Aircraft. surface measurements of water reflectance. and atmospheric chafactcrintion were used to predict 
the mdi3ncc at the altitude of the AVMS sensor. The vicariously-derived calibration cocW~zients are co~npud 
to those obtained from I I  preflight calibration of AVLRIS. ?he reflectance-based rncthd, agrees at the 0.3-7.752 
lcvcl with the preflight coefficients and the radiance-baed mcthod, diffcts from thc ptcflight rcsults by 1.0- 
17.58. The scwnd campaign was a joint  vicvivus campaign held in June 1997 to evaluate the accurxy or 
rc.flectancc-bascd, vicarious calibrations. Six groups  participatcd in this  campaign and made independent 
rrlriu-urenlents ol  Surface re f lec tmx a d  at~r~splieric kansruillance on five Jiflrrent days. Thc rrsults of this 
campaign, using a hiph-itflecta~~e. playa, wtie compared to those of tlre A t W S  se~sor to louk lor biases in the 
rcllectancc-based appruxh. Rcsults lrorn this campaign showed that the radiance at AVIRIS could be predicted 
lo beltrr thm S% for must bands no1 arlakrl by aknusphoric absurplion. 

2. METHODS 

2.1 Reflectance-baed hlethud 

The rcflcctsncc-bused rnclhocl relics on characterizing thc surfacc of, and the atmosphere over, a test site 
at the time nf a sensor n v c p s s .  The rcsults of the measurcrnents are uscd a5 input to a radiative transfer code to 
predict a normali7.d radiance at the sensor that is converted to absolute radiances via an acsumed solar irradiance 
curve. The atmospheric characterization typically relies on solar extinction mewrernents and these. data are. 
converted to spcxual optical deprhs rhar are used IO describe aerosol  par.untrers and columnar .mounts of 
gaseous absorbers (.Gellman et al.. 1991: Higgw et al.. 1990; Gng et al., 1978: Flirtner et al.. 1993: Thomc et 31.. 
1992). Surface chaactcrimtion typically consisrs of measuring ihr: upwelling signal from he te.st site and 
ratioing to data collected while viewing a panel of known mtlectance to obtain [he surface reilwtace of rhc. site 
(Biggar et al., 1988). Past work shows the unmrtainties expcctcd tiom the rcflflatance-based approach are. better 
than 5% for regions in rhe VNIR not affected Suong absorp[ion and  chat the primary source of uncendinty in 
ae.rosol  paramete.rs  such as refiactivc index and size distribution (Biggar et a!.. 19945. Uncertainties in the 
surthcc reflcwmcc :we also a signiticant error sourcc. Biggw e[ al. (1994) also show [ha[ rcru.Cmabk 
improvements in equipment and data collection methods should bring these. uncertainties to less than 3.5%. 

For low reflectance targets. uncertainties in the  predicted  radiance.  due to atmospheric uncertainties we 
higher due to the relative importance of atmospheric signal contributions. The successive orders of scarrering i 
W3Sj radiative transfer code has been used for the Lake Tahoe data  (Deuz6.  et al.. 1989). The prim.uy 
advantage of using the SOS transfer code is its ability to handle a rough Ocean surface and  polarization of the 
radiance field. Gaseous absorption is computed separately using  the  Second  Simuliztion or rhc Satellire Signal i n  
the Solar Spectrum (6Sj transfer code (Vermote et a].. 1995). Band intcgcttcd transmittance values for 07.0ne and 
water  vapor are computed using columnar measureme.nts  while  ;\bsorption fro111 oxygen and Orher molecular gases 
arc computed  using standard atmospheric models. The Lunar Lake dnra set is processed  using a hyperspectral 
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version of a Gauss-Seidel  iteration radixivc Kransrer  code.  and MODTRAN3 to dctermine the exo-atmospheric 
solar irradiance  and gaseous transmittance  (Thome et ai.. 1996). 

2.3. Radiance-based hlethod 

'l'hc radiance-based nlethod u r n  aircraft-bxed measurements of the Spcctral radiances over ;* calibration 
sitc at sensor overpass. An  atmospheric corrtcrion is made.  for the. effects between  the aircraft and  scnxor  being 
calibrated using  the  atmospheric  and surface retlectance data collected  for the. reflectance-based approach. As 
with the  rcflcctance-based  method,  the RS6 \ISH the SOS ccdt: for radiance-based calibrations over water targcts 
and  the lis code to compute gaseous  absorption. Over brighr land targets. the. hyperspectral Gauss-Sridcl 
iteration code is  used.  These codes are used to transfer the aircraft-level radiances to sensor level. Past work 
shows the uncertainties expected from the radiance-bad approach are bettcr than 3% for regions in thc VNTF! 
not affected strong absorption  and that thc primary source of uncertainty is the calibratinn of the  radinmerer in 
[he aircraft (Biggar e( d., 1P94j. Bigzar et ai. (1994) also show dlat reasonablr improvcments in quipment and 
data  collecrion methods should bring rhcse uncertainties to less than 2.0% 

3. ~ALILIKATION AT LAKE TAHOE 

3.1 Test Site Description 

Data  were colkcted for a vicarious  calibration of AVIRTS on June 22, 1995. This field Cxmp~gn ws a 
joint effort bemeen the  RSC.  the Marine Research Group of thc University of S m f h  Florida, the Naval Research 
Laboratory. and the Jet Propulsion Laboratory (JkL). Lakc TAW is a  deep graben fault lake located on the 
California-Nevada border (39.1" N. 120.0' W) at an clcvatinn of ahout 1.9 km above mean sea Ievcl (MSL). At 
this elevation. the aerosol  loading is low. Sincc acrosol signal contributions constitute one of thr. largest sources 
of uncerainty in the  vicarious  Cdibrdtion process, low aerosol loading is a desirable feature for any  prospective 
-site. Other benefits from the use of this Iakc  include its large size (approxin~attely 19 km by 32 km). the high 
'probabijity of cloud-hc conditions.  thc  presence of a high  contrast shore line to kxcilitatr. image. regisbation, and 
the relatively clew water. Disadvantages of this location  include  the low upwelled signal levels (due. to the 
smaller optical depths ktwccn thc dtc and sensor), and the need t o  m-&e assessments of adjacency effects from 
the  vegetation surrounding the  lakc. 

ihring the  calibratfon period, the aerosol loading was  low (aerosol optical thickness of 0.051 at 560 run) 
and  only n few scattered cvniulus clouds were present. Winds we.m light, averaging  around 0.75 1n/s throughout 
rhe morning. lmage data were acquired by AVLRIS at approximately lS:19 Universal Coordinntcd Tirnc (UTC). 
' 1 1 ~  viewing geometry for the portion of the lake where  reflectance data were collected was at a nadir  unglc of 
1.7 degrees and azimuth of 186.1 degrees. An average of 48 pixels was used to computr: dkC rncan, dark- 
corrected band readings corresponding to the portion of the laice that  where surface reflcctwcc memurcrnenfS 
were made. 

3.2 Radiance-based  Vicarious Calibration 

The rsdiornetcr used in  the radiance-bad approach wns a seven-band sy~tern that csscntidly sirnulatrs 
the solar-reflective bands of Th? with an  additional band in the shortwave ll2. For  this  work,  only  the first four 
bands  were  used corresponding to center  wavelengths of 0.49. 0.56. 0.66, and 0.83 p m .  Thc radicimctrr w w  
mounted in D Cessna-180 airplane and flown at a11 nltitude of 3.9 km above sen lcvcl . Simultaneous video was 
collected to aid in the registration of the  low-altitude data to the AVIRIS data. Thrcc  passcs of thc  tcst site were 
made  around  the  time of the AVIRIS overflights. The atntovpheric  and lukc rcflcctvncc data collcctcd in  
conjunction with the reflectance-buscd mcthod wcrc also uscd for thc  radiancc-based calibration process. 
Calibration coefficients for the  seven-band  radiornctcr  wcrc  obtaincd  using a solar-radiation-bascd  tcchniquc 
(Biggar et al.. 1993). The  resulting  calibration cwfficients determined for AVIRiS from  the  radiance-based 
approach  arc  given i n  Tuble I .  



The difference5 st the two shorter 
hands are quire small. 1-48 and get much 
larger a1  rhe two longer-wavelength bands. 
'i'llis is somewlla?i as expcctcd  since.  the 
radiance decreases 31 the.% longer 
wavelengths due to reduced scattering and 
thus there  is  lower  signal to noise. 
Unccrtainties in thc calibration of the 
M M R  are relatively insensitve with 
wavelength with a value of 3 . M  for hand 
I and 2.5% for  hand 4. The largest 
source of.uncertainty in the measured 
r;ldiance by the NlMR is the  pointing 
error of the radiometer. For the case 

Table 1 
Results of June 22. 1995 AVIRIS cslibrationx. Calibration 

coefficients are quoted i n  uni ts  of (W m"sr" prn-'.) / DN for 
Barnes MMR band centers. 

shown in rhis work. a Zd pointing ~~ncerrainty gives changes in radiance of 5.2% for band 1 ro ne.u 50% for b a d  
4. This is ptim,uily due to rhe larger relative importance of specularly  reflected sunlight at the longer 
wave.lzngths. 

3.3 Reflectance-bnsed results 

Surface measurements of the water properties at the time of the AVIRIS overflight were made  from 3 

research vessel on the lake. An anemometer was used to measure wind speed wound the time of scnxor 
overpass. Diffise water reflectance was measured using a hand-held spwtroradiomttcr  dtsigncd and huilt hy the 
group from  the University of South Florida. Due to thc rclativcly u l m  shtc of thc water? foam contributions are 
assumcd to  hc ncgligihlc. Thc redt ing calihration  coefficientq  determined from the reflrcrmm-basd Itlethod for 
thc four M M R  bands are prcscntd in Table 1 .  The differences k.t\vecn the A V l K i S  res1.11ts and the reflectance- 
hayed values range tiom C).3% for hand 2 tn 1.7% for band 1 .  

, .  This i s  remarkably g d  afleement for B f i rs t  attempt at this type of calibration. 'I'he larger differenc,es 
at the shorter wavelengths arc expccted hccause of the larger signal d~le ti:, scattering. 'UWS, any uncertaintics in 
charactqizing thc atmospherc w i l l  lcad to larger uncertainties in the  predicted radiance at shorter wavelengths. 
Moilcling of the reflectance uncertainty shows that largest ancertainties i n  predicted radiance will OGCUt at lodger 
wavclengthn. This is hue bath for effccts due to wave-slope nncertaintks as well as the nwasuring the cliffuscr: 
retlectance,. 'I'hus, tile dii%wme.s seen here are most likely dominated by atmospheric uncertainties. 

0.1 Test Site Description 

The purpose of the Lunar Lake  campaign  was to have  several groups collect data for reflectance-bYed 
calibrations for comparison. Lunar M e  was selected because its  high reflectance and the low aerosol in the 
region reduce uncertainties due to;atmospheric effects. The area is spatially  uniform  with portions of the plup 
wrying hy less than 0.5% of the reflectance over 10' mz areas and this  reduces uncertainties in determining the 
surface reflectance. The playa is slightly smaller than an ideal site. being approximately 3 krn by 5 km in size. 
but this should not  be a factor in any comparisons between  groups. The surface of the playa is also very hud 
und re:;istant  to change from people walking on it. This makes  the site suitable for a11 experiment where  several 
groups would be walking on the site for =vera1 days with  n-rultiple collections each Jay. The primary  area used 
for the work Jescribd here WM a 360-m by 120-111 representative area of the  playa assumed to approximate 48. 
30-m pixels. This wclc was located at approximately 35 degrees 23 minutes North and 1 I5 degrees 59 minutes 
Wcst and was I;tid vut in an cat-west oritnution. 
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times wcrc selected to correspond approximately to the time of tl~e €OS-AMI platform overpass. All groups 
essentidly used  the same approach for collectillg surfact; rcllcchnce data using ASD FieldSpcc FRs for the 
measurements and referencing playa  data to 111easurements ul' Spcctrdon@ panels  to convert to rcflcctmcr. 
Atmospheric measurements  were  primarily made usirlg solar radiumcters constructed i n  the UA's Electrical and 
Cornputin$ Engineering Department. The JPL and SDSU goups U S G ~  automated versions of rhese solar 
radiometers while  the UA group operared a manual version. The J Y L  and SDSU groups also collected 
mcitsurcrncnts of downwclling global and diffuse irradiance using multi-filter, shadow-kJnd t'udiutrlclcrs and  the 
LJA group made similar mcasurcmcnts with an occulting disk system. 

4.2 Reflectance-based results 

.The primary purpose of the campaign w35 to compare the results of vicarious cdibrdtions that  will be 
similar to those used for the vicarious calibration of EOS A M - I  senw-s. From u prcvious campaign, i t  was 
known that a primary cause of differences L~tween vicarious rcsults is in thc  rctricval of surface reflectance 
(Thome et d., 1998). FOJ this campaign. efforts were nlnde to nlorc closely cxwinc rctrieved surface 
reflectance. Table 2 gives nn exnmple of 90111~ of the m u l k  uhtliincd for mc;isurcmcnts of the playa surf3ct for 
several bands  from  the ASTER, ETMc, and M E R  Yensors. As cm bc sccn, the retrieved reflecmnccs agree very 
well. Similarly good results were obtained for predicted radiunccs for thc scverd dah sets that were collccted for 
looking at predicted radiances at the top of the utmouytlcrc:  with diffcrcnccs less than 5% for most bands .and less 
than  12% for all bands. Further evaluation of the entire set of results is c m n t l y  underway in an attempt to 
understand the causes of differences. 

Two overflights of the AVTRIS sensor wcrc schdulcd during the campaign. The overpass on  June 27 
occurred during cloudy skis zmd no ground dah wcrc collected coincident with the overtlight. Thc other 
overflight took  place on Junl: 23. In his work, we present the results from the UA group only, sincc the focus of 
this papcr is to look at differences in using bright and dark targets for vicarious calibration. Future work will 
includc morc dct;riled discussions of the AvTRIS results in reference to the rtsults from ali  of the proups at h e  

absorption is at one-nm intervals. The results are based upon inputs derived from inversio~l of solu rdiometrr 
data. Atmospheric transmittance was determined using M O D T W 3  bas& on input c.olumna walrr vapor from 
sol= rddiomctcr dah. The data were  then  band-averaged over 10-nm intervals tO dcrivc radiarrcos that could bc 
dircctly compared to those from AVTRIS. Figure l a  shows the radiances dcrivcd from AVWS and those based 
On the licld dah for the WUIR portion of the spectrum and Figure l b  shows results for the SWIR. Figurc 2b 
shows the pcrccnt differen& between  the retlectance-based radiances and drosc from AVIRIS. 

. Lunar Lake campaign. The output from the UA radiative transfcr code for atlnosphciic $calkring and ozone 

There are several notahle features to nocc  in Figurcs 1 and 2. First is drat t i r e :  pcrccnt difference is large 
in regions of strong water vapor absorption. This is due to poor sorhx ~-~llectwcc rrtrievals in these bands due 
to low signal. TO avoid this problcm, it is possible to curve l i t  thr sprx~al reflectance in regions of strong 
aunosphcric absorption. This is currelltly underway and should improvc h r  comparisons in these spectral 
regions. Also noticcablc is tlra luger Jiscrcpancirs at shorter wavelengths. There are several possible CW%S for 
this. The first is that the spectral Idlwctilncr: of the  Lunvr Lake Playa is rapidly changing with  wavelength at the 
shan end of the s p t r u m .  Shifting the illput surfacr reflrctances by 4 nm gave much hetter agreement at rhese 

Tahle 2 
Rckirvrd surfacc rcflechnccs of Lunar I a k e  Playa from June 24. I Y Y N  for sensor bands given 

I 0.96s 1 0.41 I 

0.282 0.41 I 

SDSU I 0.267 I 0.410 
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wavelengths. Studies of the surface reflectance data 20 
are  c.urrentIy  underway to determine if this shift is 
feasible.. Another explanation is that laborntory 10 
calibrations of radiometer's are  typically less accuratc 
at shorter wavelengths  due to the low output of L ki 
laboratory sources. Howcvcr, it is doubtful that the a 0  
large diffcrcnccs at thcsc  wavclcngths  could be 
entirely d ~ ~ e  to this effect. Finall.y, the effects of the 2 
atmosphere are more  important at short wavelengths - 10 
due to greater scattering. If the aerosols are 
improperly characterized. then this would bc more 
notic.able at shorter wavelengths.  Even  with  these 
I q c .  differences, the agreement between the 
reflectance-hased results and those &om AVWS is 
quite good. P 

" 

4 

C 
P) 

"20 
0.3 0.6 0 9  1.2 1.5 1.2 2.1 2 . 0  

Wovelength jmicmrnetsrs) 

Figure 2 Percent difference between reflectance-bused 
predictions of at-sensor radiance and the Inensured 
A\- radiances 

5. CONCLUSIONS 

During a field campaign at Lake Tahoe on Junc 22, 1995, calibrations of AVIRIS were attempted using 
both the reflectance-based  and radiance-based mcthods. This cxpcrimcnt shows that the  use of dark. water 
targets to calibrate radiometric sensors can result in rncaningful scnsor characterization. In particular.  the 
reflectance-bnsed nletlwd shows promise towtuds rnrcting the dcsircd 2-355 unccrtainq IeveIs for ocean color 
sensors since experimental  agreement of better than 1.5% is found for thc Lake Tahoe A W N S  experiment. 
Similarly  promising  results  were  found from reflectance-based cnlibnltions ut Lunar Lakc with Ixge portions of 
the spectrum luvirrp less than o 5% difference between the reflatunce-buucd prcdictions  and  the masured 
AVIRIS radiances. These results  are  still in the prelimir~ary smpc nnd i r  is Iikcly that further study of this  data 
set will lead to even better  agreement. The results of the  radinnce-bnsrd  calibration at Lake  Tahoe arc quitc good 
at the shorter rvavelengths where atmospheric scattering leads to larger signals and smaller effects of spccularly 
reflected solar energy. The results also  showed the scnsitivity to radiometcr  pointing when using  water  gets 
for  vicarious calibration. 
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